Abstract The purpose of our experimental study was to assess the accuracy and precision of CT angiography (CTA), MR angiography (MRA) and rotational digital subtraction angiography (DSA) for measuring the volume of an in vitro aneurysm model. A rigid model of the anterior cerebral circulation harbouring an anterior communicating aneurysm was connected to a pulsatile circuit. It was studied using unenhanced 3D time-of-flight MRA, contrast-enhanced CTA and rotational DSA angiography. The source images were then postprocessed on dedicated workstations to calculate the volume of the aneurysm. CTA was more accurate than MRA (P=0.0019). Rotational DSA was more accurate than CTA, although the difference did not reach statistical significance (P=0.1605), and significantly more accurate than MRA (P<0.00001). CTA was more precise than MRA (P=0.12), although this did not reach statistical significance. Rotational DSA can be part of the diagnosis, treatment planning and support endovascular treatment of intracranial aneurysms. The emerging endovascular treatment techniques which consist of using liquid polymers as implants to exclude aneurysms from arterial circulation would certainly benefit from this precise measurement of the volume of aneurysms.
Materials and methods
We used an anatomically correct vascular phantom mimicking the cerebral anterior circulation, created from human vascular moulds by the lost-wax technique [15] . The initial model was obtained from postmortem casting of human vascular segments by injecting plastic resin into the internal carotid artery of a cadaver prior to corrosion of all surrounding biological tissues. The plastic mould of the vessel lumen was then simplified and modified. We added an anterior communicating artery (ACoA) aneurysm after simplification of the arterial tree. Using standard dentistry techniques, we produced exactly identical wax copies of the initial model. Construction of the final model involved embedding the wax model in epoxy resin, which produces a solid transparent block. After melting the encased wax, a hollow in vitro model of a complete segment was obtained. We used a rigid epoxy model which spanned the right internal carotid to the anterior cerebral arteries, onto which we grafted an ACoA aneurysm (Fig. 1) .
We developed a micropump capable of injecting very small amounts of liquid with an accuracy of 1.0 ng/ml to measure the volume of the aneurysm precisely. We measured the volume of the aneurysm with the parent artery horizontal and the dome of the aneurysm vertical, so that the orifice of the aneurysm was horizontal. We placed a microcatheter in the model so that its tip was just at the orifice, we filled the sac with contrast medium under fluoroscopic control until the surface of the fluid was just at the level of the orifice. We repeated this procedure five times, and took the average as the definitive volume. We used a cardiac surgery pump to mimic in vivo flow characteristics, with a systolic/diastolic waveform. Arterial flow was simulated with saline solution maintained at 37°C with a thermistor. The desired flow wave form was specified according to Doppler sonographic measurements of the internal carotid artery, obtaining realistic, reproducible pulsatile flow.
Unenhanced MRA was carried out on this model, with saline circulating within it. Images were acquired using a quadrature head coil in a 1.5 tesla imager. We acquired a volume data-set of the model using a 3D time-of-flight (TOF) sequence with flow compensation and a standard three-excitation gradient-echo technique, flip angle 30°, repetition time 50 ms, echo time 4 ms, field of view 20 cm, matrix 256·256, slice thickness 0.8 mm with 0.8 mm gap for a total of 90 slices. The source images were acquired in the axial plane, perpendicular to the long axis of the cervical internal carotid artery.
For CTA we injected 40 ml iohexol 300 into the circuit at 1.0 ml/s, using an automatic injector, through a three-way stopcock connected to the outflow pipe of the circuit simulating venous drainage. This slow injection technique, which ensured complete mixing of contrast medium at the level of the aneurysm, provided conditions close to those encountered in patients during helical CT synchronised with the injection. CTA was acquired with optimised helical parameters (collimation 1.5 mm, pitch 1:1, field of view 16 cm, 130 kV/125 mA). The edge-reconstruction kernel had a 512·512 matrix. The reconstruction interval for the images was 1 mm.
Our angiographic setup had a rotational angiography system on a motorised C-arm. A complete acquisition consisted of two rotational scans, covering 180°, which were combined through acquisition of masks, and image acquisition during the passage of a contrast-medium. We injected 10 ml iohexol 300 using an automatic injector, at 2 ml/s, through a 5 F catheter in the internal carotid artery, providing conditions close to those encountered in clinical examinations. The model was placed on the angiographic table so that it was isocentered to the x-ray source and the image intensifier. The data-set contained 100 acquisition images (angular views) covering 180°, with a maximum rotation speed of 30°/s, frame rate 12.5 images/s. Each image corresponded to a rotation angle of the whole acquisition system between )90°and +90°. The x-ray acquisition parameters were derived from standard practice: the current (at least 10 mA) and the acceleration potential between 60 and 90 kV with a 10 ms maximum pulse rate were automatically adjusted. Mask and contrast-enhanced images were acquired by consecutive rotations in the same direction. The image intensifier had a diameter of 25 cm and was 1.20 m from the source; the resulting focal spot was 0.3 mm.
CTA source images were postprocessed on a workstation. The aneurysm was segmented in 12 contiguous slices whose area was determined using the full-width at half-maximum above background greyscale thresholding technique to standardise the images (Fig. 2) . MRA source images were postprocessed on a workstation to acquire volume measurements. The aneurysm was segmented in 15 contiguous slices whose area was measured in a similar way (Fig. 3) . One neuroradiologist (M.P.) performed five volume assessments for both CTA and MRA. Planimetric measurements of each source image of the aneurysm were carried out manually on the workstations after the images were magnified by a factor of 8, without interpolation. The edge of the aneurysm was determined subjectively. The area of the images (number of pixels multiplied by the area of each within the aneurysm) was multiplied by the slice thickness to obtain the volume of the aneurysm. Pixel size for MRA was 0.7812·0.7812 mm, that of CTA 0.3125·0.3125 mm.
For 3D DSA the 100 mask and 100 injected images were postprocessed on a dedicated workstation. We used Feldkamp's algorithm to reconstruct 3D images of the aneurysm (Fig. 4) . We used data-sets corrected for geometric distortion with the help of the geometrical parameters extracted from calibration acquisitions performed before the phantom acquisitions [2, 3] . Because direct correction of the acquisition images mainly eliminated the pincushion effect and the influence of external magnetic fields on the image intensifier and analogue video converter, the other calibration parameters were passed on to the reconstruction program. They helped later in characterising the acquisition geometry for each of the projection images so that these images would be properly handled during reconstruction. Finally, as data were acquired in a realistic way (injection, flow, and rotation), we also needed to correct the individual projections so that, for example, the density of the structures of interest was comparable on all of them. Physical limitations of real blood flow and injection characteristics, as well as the automatic adjustment of the x-ray acquisition parameters to comply with dose requirements, led to a collection of images with variable contrast across a single rotational data set. Each resulting projection image was postprocessed with a global histogram so that the equalisation of each projection image appeared similar in every image of the rotational data set. To extract the aneurysm, we used a combination of thresholding and morphotopological techniques which automatically extract the largest connected object from the reconstructed volume [16] . The volume of the aneurysm model was calculated by multiplying the total number of voxels belonging to the segmented aneurysm by the corresponding voxel volume (0.23 mm 3 ). CTA and MRA volume measurements were performed by the same operator (M.P.) who delineated the contour of the aneurysm sac manually on the source images. The operations were carried out five times and the average taken for each modality. The volumes obtained by CTA, MRA angiography and 3D DSA were compared with that obtained using the micropump injector, and the average difference and standard deviations (SD) were obtained. Accuracy (the difference between calculated and actual volumes) of the modalities was compared using the Student's t test. Precision (the variance of the measured from the actual volume) was compared by the F test of variance. The level of statistical significance was P £ 0.05.
Results
On CT, the epoxy model had a uniform density of 107 Hounsfield units (HU); this figure was obtained after 32 measurements of the region of interest (the aneurysm) before injection of contrast medium. The SD (±3 HU) reflected background noise. The flow dynamics were shown by the pulsatile wave form seen on Doppler sonography of the model's internal carotid artery (Fig. 5) . 3D images obtained after maximumintensity projection reconstruction with the model connected to the pulsatile circulating circuit indicated its anatomical accuracy.
The calculated volumes of the aneurysm were 751 mm 3 with 3D DSA, an overestimation of 7%, 782.4 mm 3 with CTA, an overestimation of 11.3%, and 597.4 mm 3 with MRA, an underestimation of 15% (Table 1) . CTA was thus more accurate than MRA (P=0.0019) and DSA more accurate than CTA, although the later difference did not reach statistical significance (P=0.1605); DSA was, however, significantly more accurate than MRA (P<0.0001). CTA was more precise than MRA (P=0.12), although again this did not reach statistical significance. Since 3D DSA volume measurement did not require manual intervention, we were unable to compare its precision with that of the other modalities. Intraobserver variability, as reflected by the SD of measurements, was 5% with CTA and 2.8% with MRA.
Discussion
Coiling has gained acceptance and has become the procedure of first choice in some institutions for treatment of aneurysms [17, 18] . The use of liquid embolic polymers to occlude the aneurysm is a potential alternative and, as a consequence, volumetric assessment of the aneurysm could be valuable.
Using an in vitro model permits multiple acquisitions with different imaging modalities; this would be difficult in animal models. Although models derived from injection casting of cadavers have been described [19] , our approach is a flexible technique which can be used to produce fully three-dimensional vascular phantoms. Its advantage is that the true geometry of the arterial tree is reproducible and anatomically adequate; many identical copies of the same model can be produced [15] . We chose to use epoxy resin; the models are therefore robust and stable, as well as being compatible with x-ray and MRI techniques. The lost-wax technique allows one to obtain many anatomically identical copies of the anterior cerebral circulation of a human cadaver; the one we used had asymmetrical A1 segments, a situation known to favour the development of an ACoA aneurysm [20] . The potential pitfall of a rigid model like ours is the lack of vessel elasticity and pulsatility. Nevertheless, this had little effect on flow velocities; vessel elasticity has no major influence on the average flow velocity within aneurysms [21] . A second limitation is that the aneurysms we formed were not ''true'' anatomical ones. They were probably much more regular in shape than intracranial aneurysms encountered in vivo. For image acquisition, our model was connected to a circulation circuit with a pulsatile pump to simulate arterial flow. Realistic pulsatile flow rates were obtained and used in a reproducible manner and the measurements were precise. Nevertheless, the saline solution we used did not reproduce the rheological conditions in vivo since its viscosity did not match that of blood. Because we were dealing with a clearly delineated rigid model, partialvolume effects due to pulsatile motion or others causes were not as marked as they would have been with true in-vivo acquisitions.
Reconstruction of the margins of the aneurysm with CTA was surprisingly good, considering the pulsatile nature of the flow, which might have resulted in a timevarying iodine concentration within the aneurysm during acquisition of the source image. CTA reflects the volume of contrast medium in a structure and appears to be independent of flow rate, and we did not encounter flow-related artefacts. This gave better demonstration of the margins of the aneurysm. Differences in localising the neck on the source images of the aneurysm should not have accounted for the discrepancy between CTA and MRA volumes since these operations were carried out by the same operator and averaged by repeating the procedure five times. The pixel segmentation method used for CTA and MRA was a simple graphical approach which required manual intervention to delineate the margins of the aneurysm. Despite the repetitions used to reduce potential errors in measurement, we showed that the 3D DSA seems to have a quantitative edge over CTA and MRA. Most clinical projects on CTA of intracranial aneurysms have used narrow collimation as we did, usually between 1 and 2 mm. This improves detection of small aneurysms, while pitch values up to 1.5:1 can be used without significantly decreasing diagnostic accuracy. In a previous in vitro study, diagnostic accuracy was improved by narrow collimation of 1.5 mm [22] . We increased the pitch from 1:1 to 1.5:1 to conserve good longitudinal coverage without changing the clinical accuracy. We found a statistically significant change in the error of volume measurements. The more accurate measurements obtained with 3D DSA can be explained in part by partial volume effects on CTA and MRA, which could have led to a systematic error. If a pixel included portions of both the aneurysm and the epoxy wall of the model, the resultant pixel density on the workstation screen would have been a weighted average of their densities. Previous CTA studies have suggested that the use of a level halfway between the intraluminal and mural densities yielded the most accurate demonstration of a vascular model [23] . A higher threshold would have decreased and a lower one increased the apparent size of the vessel. Widening the window would have increased the apparent size. Automated computer measurement of the edge and volume of the aneurysm would have been preferable to the subjective manual method we used and reduced intraobserver variability, but the software was not available to us. The threshold chosen for measurement would still have been critical but we would have gained in precision. The potential for obscuring an aneurysm due to the similarities in attenuation of blood and contrast medium exists with CTA angiography in the acute stage of subarachnoid haemorrhage. Both phase-contrast (PC) and TOF MRA techniques have been demonstrated to be of value in providing 2D and 3D images of aneurysms. However, both have limited anatomical coverage and cannot consistently reveal regions of slow flow. This remains a significant challenge for routine MRA. TOF MRA is still limited in demonstration of minute, complex vascular anatomy as an intracranial aneurysm may not be appreciated because of loss of signal from saturation effects or dephasing due to slow or complex flow [24] . Spins travelling in-plane might cause signal drop out in the sac. Prior studies have demonstrated that flow-related artefacts result in underestimation of the size of aneurysms more than 1.5 cm in diameter, particularly if TOF or PC sequences with high velocity-encoding values are used [25, 26] . Schwartz et al. [7] reported that smaller aneurysms (3-5 mm) may be poorly seen on MRA, owing to slow blood flow within them. In vivo, local susceptibility artefacts from aneurysm clips or coils from previous treatment may reduce signal from vessels. Interpretation of TOF MRA must take account of potential pitfalls, which can be minimised by adoption of appropriate imaging and review strategies. This requires careful consideration of source data. Multiple overlapping thinslab acquisition TOF MRA allows greater coverage, a higher signal-to-noise ratio and higher resolution than conventional MRA. However, it suffers from slab boundary artefacts (''Venetian blind artefacts''), a major limitation. A refinement is the ''SLINKY'' technique, which eliminates slab boundary artefacts by suppressing them as a series of ghosts. It also produces flow-related signal enhancement, insensitive to the direction of blood flow [27] . This refinement was not available to us.
Another potential pitfall of MRA is in the assessment of acutely ruptured intracranial aneurysms. TOF methods have significant limitations because haemoglobin breakdown products, which occur soon after the haemorrhage, impair accurate demonstration of vascular anatomy and cause blurring of the aneurysm. In the acute stage, the patient may be too unstable to cooperate for the time required for MRA. Methaemoglobin has a very short T1 and, because TOF MRA effectively produces T1-weighted images, early subacute haematomas in the basal cisterns produce strong signals unrelated to flow, decreasing the accuracy of the technique.
Although our 3D DSA results appeared very promising, clinically relevant issues might decrease the quality of the reconstruction in vivo. The data used when reconstructing the aneurysm came from a difference between the mask and images obtained with contrast medium. In the model the later is flowing along with the saline and diluting in the saline pool at the same time as equipment rotation takes place for image acquisition. These 3D reconstruction techniques work best when all projection data represent the same object from various angles. In vivo the contrast medium is not injected instantaneously, the heart beats several times during the rotation, and the contrast medium is diluted while the blood flows. To compensate partially for these problems, projection data must be preprocessed to increase the contrast of the vessels while restoring a comparable dynamic range for all projections. Because our model was rigid, this did not result in degradation of the data caused by the inhomogeneity of the surrounding tissues or the motion of the vascular tree caused by the pulsatile flow during acquisition. Such degradation generally produces blurring of the data, which results in more difficult segmentation of the structure of interest such as an aneurysm.
